
Understanding the dynamics of in-depth migration
and retention of hydrogen isotopes in Carbon Fiber
Composites (CFCs) used as plasma facing material has
for long time been complicated by the lack on in situ ana-
lyzing tools. A dedicated experimental setup coupling an
ECR ion source to the Saclay nuclear microprobe (CEA,
France) was developed to expose CFC NB31 samples to
deuterium implantation at 200 − 300 eV and fluences
from 1022 to 1024 D/m2, and then to perform in situ
µ−NRA analysis for 3D deuterium profiles.

Main result was that when deuterium concentration
at the surface is homogeneous and fluence-independent,
the in-bulk deuterium is concentrated in the porosities
and increases in quantity with the incident fluence, up to
very large depth (500 µm). Moreover, these two distinct
mechanisms are simultaneous to the implantation and
D profiles evolve very little with in-vacuum storage time
[1].

These measurements were complemented by TDS
and micro-porosimetry experiments, for characterizing
the energy distribution of the deuterium traps and the
size distributions and effective surface of the porous net-
work. It was shown that the energy distribution of
traps is different in the near surface and porous net-
work, the former been characterized by a much larger
ratio of bounds associated to sp3 carbons with respect
to those associated to sp2 carbons, and that matrix (1 >
diameter (µm) > 0.1) and interfacial fiber/matrix pores

Fig. 1 Simulated deuterium con-
centration profile of CFC NB31 ir-
radiated by 200 eV D+ ions as a
function of incident fluence. Sam-
ples are at a temperature of 50 ◦C.

Fig. 2 Simulated deuterium con-
centration profile of CFC NB31 ir-
radiated by 200 eV D+ ions as
a function of sample temperature
(middle), for a fluence of 2 × 1024

D/m2.

Fig. 3 Retained fluence as a func-
tion of the incident fluence: the
dashed black line corresponds to
100 % retention, the dashed pink
curve to a massive sample, the full
lines to porous CFC NB31 (the pink
curve is the near surface retention;
the blue curve is the total retention,
including the porous network).

(0.1 > diameter (µm) > 0.01) dominate the porous net-
work, both with an effective surface of ∼ 0.1 m2/g.

This ensemble of results suggests a picture where
the deuterium concentration saturates in the near sur-
face - partly amorphized due to ion bombardment, when
the retention in the porous network increases on a longer
timescale, the deuterium atoms penetrating along the
pores up to a depth ≥ 100 µm.

For interpreting the measurements, a model was
built according to the picture described above. It is
based on a Monte Carlo method and calculates the prop-
agation of D atoms in a network of pores assumed to be
rectilinear. At each impact, the reflection/absorption
coefficient and direction/energy of the reflected particle
(atom or molecule) are estimated through TRIM simula-
tions [2]. Input parameters are the diameter, volume, ef-
fective surface and average inclination of the pores with
respect to the sample macroscopic surface. The three
former are deduced of porosimetry measurements, the
latter is partly constrained by SEM images.

Preliminary results are displayed in Fig. 1 − 3,
showing the variation of the deuterium concentration
profile with incident fluence (Fig. 1), implantation tem-
perature (Fig. 2) and the increase of the retained fluence
as a function of the incident fluence (Fig. 3). Corre-
sponding measurements are displayed in Figs. 1 and 2
of Ref. [3]. It is found that the simulations reproduce
satisfactorily the main trends of the measurements, but
that the porous network contribution to deuterium re-
tention is underestimated. This has been identified to be
due to the fact that D-rich deposits form in the pores,
increasing their retention capability. Work for including
this effect in the code is ongoing.
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The TOKASTAR-2 is a small toroidal device in 
which plasma confinement with tokamak configurations, 
stellarator configurations and tokamak-stellarator hybrid 
configuratins are possible1). The main objectives of this 
device are to evaluate effects of helical field application on 
tokamak plasma and to study effects of the plasma current 
on compact stellarator configuration. In FY 2011, new coils 
were installed; the pulsed vertical field (PVF) coils and the 
additional helical field (AHF) coils. 

Before installation of the PVF coils, the plasma 
current was limited less than 100 A and its duration was 
limited less than 0.2 ms in tokamak operation of 
TOKASTAR-2 with OH coils and VF coils2,3). Since the 
time constant of eddy current decay in the vacuum vessel is 
about 0.35 ms and was longer than the plasma duration of 
TOKASTAR-2, it was difficult to control the radial position 
by VF coils located outside the vacuum vessel. Therefore, a 
pair of pulsed vertical field (PVF) coils was installed in 
January 2012, to be used in place of or in addition to the VF 
coils to improve plasma equilibrium controllability in 
TOKASTAR-2. In FY 2012, we successfully increased the 
plasma current above 1 kA using the PVF coils, but the 
duration of the plasma current was shorter than the duration 
of the positive loop voltage supplied by the ohmic heating 
coils. The reason is supposed to be that the time evolution of 
the vertical field did not match the evolution of the plasma 
current. 

In FY 2013, the optimal PVF coil current waveform 
for keeping the plasma equilibrium was studied by 
calculation using a free-boundary equilibrium analysis code, 
TOSCA code. Then the capacitance and charging voltage of 
capacitors for PVF coils were determined to realize the 
optimal PVF coil current waveform by analysis using the 
circuit simulator, LTspice. Based on these results, 
optimization of tokamak plasma equilibrium control in the 
actual device was performed. 

After optimization of tokamak operation including 
adjusting charging voltage of capacitors of PVF coil circuit, 
tokamak plasmas with high plasma current (~1.7 kA) with a 
long duration (~0.46 ms) were successfully obtained. An 
example is shown in Fig. 1. It should be noted that the 
duration of the positive loop voltage was shorter than that in 
FY 2012 because of limited number of capacitor banks. The 
duration of plasma current reached the whole duration of the 
positive loop voltage, which was mainly determined by the 
capacitance of the capacitor of OH coil circuit. 

The radial profile of poloidal magnetic field was 
measured by multi-channel magnetic probe array (10 
channels) for the first time in TOKASTAR-2. The initial 
results showed that the plasma axis was located around R = 

0.115 m, namely near the center between the inboard (R = 
0.065 m) and the outboard (R = 0.180 m) walls. 

The AHF coils were installed to make closed flux 
surfaces without plasma current, together with the existing 
outer helical field (HF) coils2,3). The first series of 
experiments using the AHF coils was performed in January 
and February 2014. The currents in the toroidal field coils, 
HF coils, AHF coils and VF coils were determined so that 
the closed flux surfaces contain the EC resonance layer for a 
2.45 GHz RF wave. In the experiment, increase in the 
plasma light intensity and decrease in fluctuations in the 
plasma position were observed by the fast visible camera. 

In summary, progress has been made in the operation 
of tokamak plasmas and stellarator plasmas in 
TOKASTAR-2 in FY 2013. In FY 2014, we plan to 
continue the optimization of tokamak plasmas and 
stellarator plasmas with more detailed measurements of 
plasma parameters, and also start study on tokamak-
stellarator hybrid configurations. 

 

 
  

Fig. 1. Time evolution of plasma current and loop 
voltage in TOKASTAR-2 tokamak plasmas in FY 
2012 and FY 2013. 

   
1) Oishi, T. et al.: J. Plasma Fusion Res. SERIES 9 (2010) 

69. 
2) Hasegawa, M. et al.: IEEJ Transactions on Fundamentals 

and Materials 132 (2012) 521. 
3) Hasegawa, M. et al.: Plasma Fusion Res. 7 (2012) 

2402116. 
 

213

§4. Control Optimization Study of Toroidal 
Plasma with External Helical Magnetic 
Field

Fujita, T., Arimoto, H. (Nagoya Univ.),  
Oishi, T., Miyazawa, J.




